IN the preceding communication (van Vals, Bosch and Emmelot, 1956 ) data were presented which demonstrated that a marked difference exists in the rate of metabolism between the glucose carbon atoms 1 and 6 in tumour tissue. The results indicated that the hexose monophosphate (HMP)* oxidative route might be operative.
dichlorophenol-indophenol was used as electron acceptor (Axelrod et al., 1953) .
The orcinol reaction of Mejbaum (1939) as modified by Albaum and Umbreit (1947) was used for pentose determination, taking the difference in optical * Abbreviations used: G6-P = glucose 6-phosphate; 6-PG = 6-phospho gluconate, R5-P ribose 5-phosphate; Ru5-P = ribulose 5-phosphate; S7-P = sedoheptulose 7-phosphate; F6-P = fructose 6-phosphate; FDP = fructose 1,6-diphosphate; T3-P = triose 3-phosphate; DPN = diphosphopyridine nucleotide; TPN = triphosphopyridine nucleotide; ATP = adenosine triphosphate; TCA = trichloroacetic acid; MIA = monoiodoacetate. densities at 660 and 600 m,t. as the basis for the calculation of penitose concentration.
Corrections for the presence of sedoheptulose (the concentration of which was determined independently by the method described below) were applied making use of a standard curve relating the sedoheptulose concentration versus the difference in optical density at 600-660 m,t. observed for sedoheptulose in the orcinol reaction (compare also Dische, 1953) . These corrections were small.
Heptulose was measured with the cysteine-sulfuric acid (CyRI) procedure of Dische, Shettles and Osnos (1949) . Absorption spectra were read at 18 hours after the addition of cysteine (Axelrod et al., 1953) . The difference in optical densities between 510 and 540 m,t. was used for the quantitative determination of heptulose. Sedoheptulosan monohydrate served as a standard (Axelrod et al., 1953; Horecker, Smyrniotis and Klenow, 1953) .
*Spectra in the orcinol and cysteine-sulfuric acid test similar to those described by Newburgh and Cheldelin (1955) were found, although for quantitative purposes the latter cannot be strictly compared with those obtained by the method of Axelrod et al. (1953) .
The quanititative determination of hexose was accomplished by the use of the anthrone method (Seifter, Dayton, Novic and Muntwyler, 1950) after correction for heptose and triose.
Triosephosphate was measured as alkali labile phosphate (Umbreit, 1947) . The molar extinctions of glucose and fructose are equal in the anthrone test (635 m,t.) whereas the molar extinction of fructose is twice that of glucose in the cysteine-sulfuric acid method (420 m,u.) .
Paper chromatographic analysis of the various phosphorylated sugars was performed using the solvent system ethylacetate: acetic acid: water (3: 3: 1) (Mortimer, 1952; Hauge, King and Cheldelin, 1955) . The phosphate esters were located by the method of Hanes and Isherwood (1949) . Heptulose was identified on the chromatograms by the orcinol spray, giving the characteristic blue-greenish colour according to Klevstrand and Nordal (1950) (compare Williams and Bevenue 1951) .
Tenl per cent tumour homogenates were prepared according to Glock and McLean (1953) in KCl-bicarbonate and were freed from nuclei and mitochondria by centrifugation for 15 minutes at 6000 x g. in the " Eispirouette " (Phywe) at 0°C. The supernatant was dialyzed overnight against distilled water in the icebox. No change in results of the experiments in which the dehydrogenases were measured were found when the homogenization of the tissues was varied from 500-2000 r.p.m. for periods of 1-2 minutes.
Tissue slices were cut in an apparatus consisting of rotating circular razor blades (de Flines, 1951) and introduced into Krebs-Ringer phosphate buffer of pH 7*4 (previously chilled in cracked ice) blotted on filter paper and weighed. Half gram aliquots of the pooled slices were transferred to 25 ml. incubations flasks containing 2-5 ml. Krebs-Ringer phosphate and 7*5 fl-mole of either glucose, G6-P or R5-P. The flasks were stoppered and incubated for various times at 37°C. Reactions were stopped by addition of 2-5 ml. of a 10 per cent trichloroacetic acid solution. The resulting mixtures were homogenized and aliquots of the supernatants were used for carbohydrate anialysis.
Incubation of the complete tumour homogenates were performned anaerobically according to Novikoff, Potter and Le Page (1948) .
Further details are given in the legends of the text figures and tables. In general all experiments were repeated with as great a number of tumours as available. The tumours of choice were those mentioned in the previous communication (van Vals, Bosch and Emmelot, 1956 ), especially those in Table I . The experiments with slices and total homogenates are illustrated by typical experiments. Sedoheptulosan monohydrate (2,7-anhydro-fi-D-altro-heptulopyranose monohydrate) was kindly supplied by Dr. N. K. Richtmever of the National Institutes 54 of Health (Bethesda, U.S.A.). 6-PG was prepared from G-6P (Na-salt) according to the method of Seegmiller and Horecker (1951) , slightly modified due to insolubility of the barium salt of the latter. The oxidation with bromine was performed in the presence of 0075M NaHCO3 (pH 7 9) using twice the amount necessary to neutralize the hydrobromic acid produced. The purity of the isolated product was measured enzymatically with a 6-PG dehydrogenase preparation isolated from rat liver according to Glock and McLean (1953) . The product contained 67 per cent 6-PG and less than 1 per cent G6-P as assayed in the cysteine-sulfuric acid test.
RESULTS
I. Experiments with Cell-free Extracts Starting with the dehydrogenases, experiments were undertaken to investigate whether the enzymes involved in the HMP oxidative pathway could be demonstrated in extracts prepared from tumours which had been studied with the tracer technique (van Vals, Bosch and ). The soluble fractions were prepared after homogenization, centrifugation and dialysis at 0°C.
A. Glucose 6-phosphate and 6-phospho gluconate dehydrogenase Reaction 1: G6-P + TPN+ 6-PG + TPNH + H+ Reaction 2: 6-PG + TPN+ 3-keto 6-PG + TPNH + H+ The activities of the dehydrogenases were determined according to Glock and McLean (1953) . The activities were calculated from the differences in optical densities at 20°C resulting from G6-P plus 6-PG, and 6-PG addition separately. Table I summarizes the activities of the enzymes from a number of our tumour strains; the data are expressed in units of enzymatic activity per gram fresh tissue. The reduction of TPN could also be followed by coupling the TPNH formed with two other enzyme systems which were present in the soluble fractins, i.e. the glutathione reductase (acceptor added: oxidized glutathione, Fig. la ) and the TPNH-diaphorase (acceptor added: 2: 6-dichlorophenol indophenol, Fig. lb) .
B. Ribolysis, formation of sedoheptulose and hexose* (a) Reaction 3t: R5-P -÷ Ru5-P (pentose isomerase)
Reaction 4: R5-P + Ru5-P --S7-P + T3-P (transketolase)
Reaction 5: S7-P + T3-P --F6-P + tetrose-phosphate (transaldolase) Reaction 6: Ru5-P + tetrosephosphate -÷ F6-P + T3-P (transketolase) Reaction 7: 2 T3-P -> FDP (aldolase) Incubation of the soluble tumour fractions with R5-P at 37°C led to the disappearance of pentose with concommitant formation of sedoheptulose, hexose and triose. These findings can be covered by the reaction sequence described in reactions 3-7. Any or all of the three different ways of hexose formation may be followed (reaction 5, 6 and 7).
Pentose disappearance was followed using the orcinol reaction; Fig. 2 , illustrating an experiment with the soluble fraction of the transplanted mouse sarcoma UV 256, shows that concommitantly with the decrease in optical density at 660 m,t, the slopes of the individual curves between 660 and 550 m,u. changed. This change is not only due to the disappearance of pentose, but also to the formation of sedoheptulose, which according to Horecker, Smyrniotis and Klenow (1953) T 24202 = sarcomatoid ovarian tumnour: QO.
1-Oml. 0-25MTris (pH 7-6), 10 ml. 0.1 MMIgCl2,o 0.2ml.005M,G6-P,1I0ml.0 0004M glutathione (GSSG), 400 1pg. TPN in 0-4 ml. water, 0-4 ml. enzyme preparation (dialyzed supernatant from a 10 per cent homogenate). Incubation at 37°C. At various times 1 ml. aliquots were transferred to 3-0 ml. 3 per cent metaphosphoric acid. The resulting mixture was saturated with 1-5 g. NaCl and centrifuged, in 2-0 inl. aliquots of the clear solution. GSH was assayed according to Grunert and Philips (1951) .
Since the absorption spectra of glucose, fructose and triose do not show any difference in optical density between 660 and 600 m,u. (Newburgh and Cheldelin, 1955) pentose concentration is directly proportional to the difference in optical densities at these two wave lengths provided that a correction for sedoheptulose is made. The quantitative determination of heptulose was accomplished with the aid of the cysteine-sulfuric acid procedure (compare experimental part). Fig. 3a and 3b serve to illustrate two experiments in which R5-P was found to be converted to heptulose (510 m,.) and to hexose (420 m,u.) by the soluble prepara-tions from the sarcoma UJV 256 and the ovarian tumour (granulosa cell type) T 5441, respectively.
Quantitative data on the disappearance of R5-P and the formation of S7-P are given in Fig. 4 and 5. A complete analysis of the formation of hexose, sedoheptulose and triose from R5-P after successive times of incubation is presented in Table II and triose. Results obtained with the paper chromatographic methods, mentioned in the experimental part, confirmed the spectrophotometric data concerning the presence of the various sugar phosphates.
(b) Since the various enzymes of the HMP oxidative pathway appeared to be present in the soluble tumour fractions, it should be possible to show in one experiment the synthesis of G6-P from R5-P (reactions 3-6; F6-P of reaction 5 or 6 can be converted into G6-P by the action of phosphohexoisomerase, which is also present) followed by an oxidation of G6-P on addition of TPN (reactions I and 2). The incubation mixture consisted of 0* 5 ml. 0 * 05 M R5-P, 1 0 ml. 0 * 25 m Tri8 (pH 7 6), 1 ml. 0 * 1 M MgC12, 0*4 ml. enzyme preparation; total volume 5 -0 ml. Incubation at 37°C in air. At the times indicated (Curves 1-6; 0, 20, 40, 60, 120 and 180 minutes) 0 5 ml. of the incubation mixture was transferred to 4-5 ml. 5 per cent TCA, 0 3 ml. of the resulting deproteinized solution was used for the orcinol reaction. Tubes containing 0 4 ml. 0-25 M Tris (pH 7 6), 0 4 ml. 0 1 M MgC12, 0-2 ml. 0 05 M R5-P, 0416 ml. enzyme preparation in a total volume of 2-0 ml. were incubated at 37°C in air for the various times indicated. Reaction was stopped by adding 1 -6 ml. of 10 per cent TCA. 2 0, 0-18, 0 05 and 0 18 of the deproteinized reaction mixtures were used for the determination of triose phosphate, the cysteine-sulfuric acid-, the orcinoland the anthrone reaction, respectively. The blanks contained all components except R5-P.
,u-Mole, after (minutes)
Compound. This was accomplished in the following way: At 60, 120 and 180 minutes after incubation of the soluble fraction of the ovarian tumour T 5441 with R5-P, two 0 5 ml. aliquots were removed each time. To one tube of each pair of samples 200 ,tg. TPN in 01l ml. water was added, the other received water only. Subsequently the tubes were left at room temperature for half an hour before the reaction was stopped by adding TCA. As might be expected, the hexose concentration in each of the three reaction mixtures fortified with TPN was (Fig. 6) . Sedoheptulose concentration did not change significantly.
(c) Extracts incubated with G6-P and TPN did not form sedoheptulose at 2000, but did so at 3700. Table III illustrates the disappearance of hexose and the formation of heptose (reactions 1-2; 3-keto 6-PG -4-Ru5-P + C02; 3-4) for a typical experiment.
The possibility that part of the sedoheptulose would be an artefact arising from the breakdown products of TPN was excluded by the finding that no ribose nor heptulose could be detected by paperchromatographic or spectrophotometric means following incubation of the tumour extracts with TPN at 370C.
(d) Reaction 8: G6-P -+ F6-P (phosphohexose isomerase).
When the tumour extracts were incubated in the presence of G6-P while TPN was omitted, a rise in optical density at 420 m,t. was noted after the cysteinesulfuric acid method was applied to aliquots of the reaction mixture at successive times. This pointed to the formation of F6-P since the molar extinction of fructose is about twice that of glucose at this wave length. Taking this into account the concentration of glucose and fructose were calculated after it was found that no other compounds had been formed (Table IV) .
(e) The formation of sedoheptulose could also be demonstrated by incubating the tumour extracts with G6-P and FDP. For example, 0 30 ml. of a dialysed S0<~~~~~0 riI Aflhour 2hours twc 3hours 0*300-0*150-400 500 600 400 500 600 400 500 600mpk
FiG. 6.-Hexose formation from ribose 5-phosphate by the soluble preparation of the ovarian tumour T 5441 both in the presence and absence of triphosphopyridine nucleotide. The original incubation mixture consisted of 0 6 ml. 0-05 M R5-P, 1 -2 ml. 0-25 M Tri86 (pH 7.-6), 1 -2 ml. 0.-1 M MgCl2 and 0 -48 ml. enzyme preparation; total volume 6. 0 ml. After 1, 2 and 3 hours twice 0-5 ml. was transferred and incubated with 0~1 ml. of the fresh soluble enzyme preparation and either 0-1 ml. water containing 200 ,g. TPN or 0 1 ml. water alone. Incubation for 30 minutes at room temperature. After this time 4-3 ml. 5 per cent TCA was added and 1-0 ml. of the deproteinized solution was used for the cysteinesulfuric acid test. The resulting spectra are illustrated1; solid lines: from aliquots which had been incubated in the presence of TPN, broken lines: from aliquots which had been incubated in the absence of TPN. The reaction mixture consisted of 0 42 ml. 0 25 M Tris, 0 3 ml. 0.1 M MgCl2, 0.15 ml. 0 05 M G6-P, 0-12 ml. enzyme preparation and 0 5 ml. 0-1 M NaOH to bring the reaction mixture, which contained also 11 mg. TPN, to a pH of 7-4. Incubation at 37°C in air. At successive times 0 2 ml. of the reaction mixture was pipetted into 1 * 8 ml. of 5 per cent TCA.
10 ml. and 0 3 ml. were used for the cysteine-sulfuric acid and the anthrone method, respectively. Simultaneously a reaction mixture containing all components except G6-P was run during the same period. Blanks containing water were treated as the test solutions.
,u-Mole, after (minttes)
Compound. supernatant prepared from a 10 per cent homogenate of the luteoma T 7331, produced 0-70 ,u-mole sedoheptulose from G6-P and FDP in 60 minutes. In this system the substrate for sedoheptulose formation is furnished by the transketolase-catalyzed reaction between F6-P and glyceraldehyde 3-P (reverse of reaction 6). F6-P is formed by reaction 8 catalyzed by phosphohexoisomerase, and glyceraldehyde 3-P by the aldolase catalyzed-reaction 7. The pentose phosphate produced will yield S7-P by reaction 3 and 4, but another route is provided by the aldolase catalyzed reaction between tetrose-P and dihydroxyacetone phosphate, recently described by Smyrniotis and Horecker (1956) , in which sedoheptulose 1, 7-diphosphate is formed or by reaction 5 using tetrose-P and F 6-P. Ringer phosphate buffer of pH 7X4 at 37TC with shaking in air. The two hepatomas of the mouse, T 26473 and T 28012, contained a relatively high concentration of hexose-positive reacting material in the anthrone test which fell to less than half of the original value on incubation during two hours. No convincing evidence for sedoheptulose formation was found. The hexose content of the other tumours amounted to 2-3 ,u-mole per gram fresh weight at the most; during a two hour incubation period 0-50 per cent of the hexose disappeared. A slight formation of sedoheptulose was seen after this period in slices of the ovarian tumour T 5441, the testicular tumour T 5358 and the lymphosarcoma T 86157 only. In fresh tumour tissue no heptulose could be detected by the procedures employed. The amount of heptulose produced from the endogenous substrate by the tumours just mentioned never exceeded more than ten per cent of that formed from added G6-P (compare Section II, B) .
B. Formation of sedoheptulose from added glucose and glucose 6-phosphate The concentration of glucose, which was added to the slices (7 5 t-mole per 500 mg. wet weight of tissue) fell off rapidly on incubation (Table V) . At no time however, did sedoheptulose appear to be present; not even in those cases in which the heptose had been found to be formed from endogenous substrate. In marked contrast with the results following addition of glucose are those obtained with G6-P. Although the concentration of the latter compound fell off rather slowly, as revealed by the anthrone test, a significant rise in the optical density at 510 m,u. using the cysteine-sulfuric acid method* was found, which indicated the formation of sedoheptulose (Table V) .
All the tumours which have been studied behaved exactly similarly: no sedoheptulose was formed from glucose, but the heptose was found to be present after incubation with G6-P both under aerobic and anaerobic conditions. c. Formation of sedoheptulose from added ribose 5-phosphate Incubation of slices from the ovarian tumours (sarcomatoid and granulosa cell type) with R5-P for various times yielded sedoheptulose and significant quantities of hexose (Table VI) . In a few experiments in which the gas phase consisted of a 95 per cent N2: 5 per cent CO2 mixture, the yield of sedoheptulose and hexose synthesized from R5-P was equal to that obtained under aerobic conditions (air) . No formation of hexose could be observed when ribose was incubated with the slices. After incubation of tumour slices with R5-P and MIA, the amount of sedoheptulose formed was not different from that found when the incubation had been carried out in the absence of MIA.
III. Experiments with Homogenates
Homogenates were prepared and incubated in an atmosphere of 95 per cent N2: 5 per cent CO2 according to the procedures described by Novikoff, Potter and Le Page (1948) The tumours T 5441 and T 86157 were studied first. 0-3 ml. aliquots of the homogenates (10 per cent in isotonic KCl-buffer) were incubated with G6-P (15 jt-mole) in the presence of nicotinamide, fluoride, K-pyruvate and ATP, in a total volume of 3-0-ml. In the complete reaction mixture with DPN and TPN present, sedoheptulose was formed. When DPN, or DPN and TPN, were omitted the formation of sedoheptulose was not diminished. On the contrary, under the latter conditions the greatest amount of sedoheptulose was found, while the hexose disappearaiice was minimal as compared with the other experiments (Table VII) . (minutes).
-~~~~~r - In the absence of DPN, TPN, ATP, nicotinamide (the inhibitor of the pyridine nucleotide-destroying enzymes), fluoride (the inhibitor of the " ATP-splitting enzyme ") and pyruvate, sedoheptulose was still formed. For example, in an experiment with T 5441 0,65 and 0,98 ft-mole sedoheptulose were found after 1 and 2 hours, respectively. Similar results were obtained with a number of other tumours.
In a number of experiments attempts were made to destroy the TPN, ATP and DPN which might still be present in the homogenate. This was accomplished by pre-incubation of the latter for 15 minutes at 37TC in the presence of sucrose mitochondria prepared according to Schneider and Hogeboom (1950) from a transplanted liver carcinoma of the rat or from the sarcomatoid ovarian tumour T 24202. The mitochondria from these tumours had been found to possess high TPN-, DPN-and ATP-splitting activities. (Emmelot, Bos and Brombacher, 1956) .
To serve this purpose the mitochondria were freed from sucrose by washing with and dialysis against distilled water. Despite the pre-treatment of the homogenate with the mitochondria, sedoheptulose formation by the unfortified homogenate as described for the previous experiment, remained unchanged; hexose concentration did not fall.
In a separate experiment with the mitochondria incubated without the homogenate no heptose was found.
DISCUSSION
The experiments with slices reported in the present communication have shown that sedoheptulose, an important intermediate of the extra-glycolytic pathway, could not be demonstrated when glucose was used as the substrate. Thus sedoheptulose did not accumulate although it was undoubtedly formed. However with GG-P, which is markedly slower metabolized than free glucose, probably as a result of a more rapid entrance of the latter into the cells, sedoheptulose was found to accumulate in the tumour slices. Sedoheptulose could also be demonstrated when fortified whole homogenates of the tumours were incubated with G6-P. Sedoheptulose formation was at its maximum and hexose disappearance markedly less when the two coenzymes of the glycolytic and extra-glycolytic pathway, DPN and TPN, were omitted from the incubation mixture. After pre-treatment of the homogenates with TPN-, DPN-and ATP-splitting enzymes from mitochondrial preparations of certain tumours, and subsequent incubation of the homogenate sedoheptulose was still formed in the absence of added coenzymes, inhibitors (fluoride and nicotinamide), pyruvate, and ATP. It is improbable that under the latter conditions heptose originated from ribose produced by the direct oxidative decarboxylation of G6-P. Sedoheptulose formation by the pathway described under Section I, B, e, i.e. from F6-P and T3-P, would be more plausible. The former compound can easily be formed from added G6-P, whereas the latter or its direct precursor FDP has to be present in the original homogenate to account for this reaction.
It appeared further, that sedoheptulose accumulation was favoured under conditions in which glycolysis was abolished or retarded. A similar inverse relation between substrate metabolism via the glycolytic path and sedoheptulose accumulation was found in the slice experiments using glucose and G6-P. However, in the presence of MIA, which blocked the glycolytic pathway, glucose did not give rise to sedoheptulose.
The experiments carried out with cell-free extracts unambiguously demonstrated that the enzymes of the HMP-oxidative pathway were present in all the tumours studied. Apart from those described, still other reactions may be involved. Phosphorylation of Ru5-P and a carboxylation of the ribulose diphosphate formed with subsequent fission of the resulting six carbon compound into two molecules phosphoglyceric acid was postulated by Bassham, Benson and Calvin (1950) to account for the early appearance of the latter compound during their photosynthetic studies. The pertinent reactions have recently been demonstrated by Weissbach, Horecker and Hurwitz (1956) and by Jakoby, Brummond and Ochoa (1956) . In accordance with this reaction sequence Barron and co-workers (1955) have found 14C exclusively located in the carboxyl group of the lactic acid which was isolated after anaerobic incubation of tissue slices with H14CO . Apparently these reactions were also involved in the pentose metabolism of the tumours studied by us. It was found (van Vals, Bosch and Emmelot, unpublished) that the lactic acid isolated after aerobic incubation of glucose-1-14C with slices from the transplanted mammary carcinoma T 49985, the lymphosarcoma T 86157 and the sarcomatoid ovarian tumour T 24202, contained three to five times as much isotope in its carboxyl group than did the corresponding group of the lactic acid originating from glucose-6-"4C. Both carbon atoms 1 and 6 of glucose are converted to the methyl group of lactate, but since 14CO2 with a higher specific activity is released from glucose-1-14C than from glucose-6-14C during incubation of the tumour slices (van Vals, Bosch and Emmelot, 1956 ) the pentose carboxylation reaction may account for our findings. SUMMARY 1. By the use of cell-free extracts, homogenates and slices of transplanted tumours, enzymes, intermediates and reactions participating in the hexose monophosphate oxidative pathway were demonstrated.
2. In the cell-free extracts, dehydrogenation involving glucose 6-phosphate and 6-phosphogluconate, ribolysis and formation of sedoheptulose, hexose, and triose were studied. All enzymes involved in the HMP oxidative pathway were found present. 3. Slices incubated in the presence of glucose 6-phosphate produced sedoheptulose. When added glucose was the substrate, sedoheptulose did not accumulate. On incubation with ribose 5-phosphate, sedoheptulose and hexose were produced.
4. In fortified and unfortified whole homogenates, sedoheptulose was formed from glucose 6-phosphate.
